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Solar Electric Propulsion (SEP) High Voltage 
Arrays and Spacecraft Interactions

• Solar Arrays operate in plasma – not in a 
vacuum

• High Voltage Solar Array – Plasma Interactions 
have been studied for decades

Cells at negative potentials arc
Cells at positive potentials collect current

• High Voltage solar array arcing has caused on-
orbit failures

Reproduced in the lab
Preventative measures have been implemented

• Electric Thruster Plume interactions
Conventional : Electrically Isolated Power 

Processing Unit (PPU)
Advanced Technology: Direct Drive

2

If you understand how plasma interacts with solar arrays, operating at 
the voltages needed for Hall thruster Direct Drive isn’t that difficult.

Electric Prolusion Interaction Code (EPIC ) calculation 
of  the Hall thruster plume plasma environment on the 
Express-A spacecraft
From “ASSESSMENT OF SPACECRAFT SYSTEMS INTEGRATION USING THE ELECTRIC 
PROPULSION INTERACTIONS CODE (EPIC)” Ioannis G. Mikellides*, Robert A. Kuharski†, 
Myron J. Mandell‡, Barbara M. Gardner, AIAA 2002-3667



Matches a 300‐V solar array with a 300‐V Hall thruster

300‐kW SEP Vehicle for Crew 
Transport in Deep Space

Direct‐Drive:
• Improves the power system efficiency from ~92% to ~99%
• Reduces the PPU mass by 70%
• Reduces the radiator mass by 80%
• Reduces the solar array mass, propellant mass, tankage mass, and 

structure mass

160 to 300-V 
Solar Array

Discharge 
Power Supply

Power Processor Unit

300-V Hall 
Thruster

300-V 
Solar Array

Power
Processor 
Unit

300-V Hall 
Thruster

Conventional System (heavy, expensive, difficult to develop)

Direct‐Drive System (potentially lighter, cheaper, easier)



SEP Direct Drive Concept Originated at NASA/GRC
(nee NASA/Lewis Research Center) in the 1970’s
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Parks, D.E. and Katz, I., “Spacecraft-Generated Plasma Interaction with High Voltage Solar Array,” 

AIAA 78-673, AIAA/DGLR 13th International Electric Propulsion Conference, 1978.
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Hoskins, W.A., Homiak, D., Cassady, R.J., Kerslake, T., Peterson, T., Ferguson, D., Snyder, D., 
Mikellides, I., Jongeward, G., Schneider, T., and M. Hovater, “Direct Drive Hall Thruster System 
Development, AIAA 2003-4726, 39th Joint Propulsion Conference, Huntsville, AL, July 20-23, 
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“Experimental Investigation of a Direct-Drive Hall Thruster 
and Solar Array System at Power Levels up to 10 kW”

• Talk by Steve Snyder tomorrow - Tuesday 5:00 PM

• “Hall thruster control and operation is shown to be 
simple and no different than for operation on 
conventional power supplies.”
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High Voltage Solar Arrays Needed for Direct Drive 

• Previous in-flight array experience below 170V, most below 100V
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Solar Arrays Float Negative in a Plasma

• Solar array cells generate voltage wrt low side 
(low side often S/C ground)

• Current flows through the plasma
positive conductors collect electrons
negative conductors collect ions

• Electron current density >> ion current density
Plasma quasi neutral

Ion & electron current densities

Electron velocities >> Ion velocities

• Net current = 0

• Negative area >> Positive area

7

Solar
Array

0 V

+100 V

Solar
Array

0 V

+100 V

plasma

plasma

plasma100

V0

s/c plasma

e-

I+

iiee njnj vv 

nnn ie 

ieie jj vv

00  
ieie jAjAII

  A
j
j

AA
i

e

low side  negative voltage

high side  positive voltage



International Space Station Solar Arrays
Collect Little Electron Current

• ISS PCU is a hollow cathode connected to S/C ground 
(array low side)

• ISS 160V Arrays
ISS solar array wing consists of two retractable "blankets" 

of solar cells with a mast between them. 
Wing 34 meters long x 12 meters wide
ISS had 2 wings (max ~65 kW) when the PCU data was 

taken

• Ionosphere plasma currents less than 1 mA per string
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M.J. Mandell, V.A. Davis, B. Gardner, & G. Jongeward, “ELECTRON COLLECTION BY INTERNATIONAL SPACE STATION 
SOLAR ARRAYS”, 8th Spacecraft Charging Technology Conference, NASA/Marshall Space Flight Center, Alabama, October, 2003.



Pioneering Work on HV Solar Array Plasma 
Interactions Done at NASA/GRC

INVESTIGATION OF HIGH VOLTAGE SPACECRAFT SYSTEM 
INTERACTIONS WITH PLASMA ENVIRONMENTS

N. John Stevens, Frank D. Berkopec, Carolyn K. Purvis,
Norman Grier, and John Staskus

National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135

AIAA/DGLR 13th INTERNATIONAL ELECTRIC PROPULSION
CONFERENCE

San Diego, California ApriI 25-27,1978
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Positive potentials
No arcing
Parasitic current losses is the issue 

Negative potentials
Solar array arcing is the issue is



Steep Gradients Cause Negative Potential Arcing
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Both ions and electrons generate secondary electrons 
• Electron generated secondary electrons smooth potential gradients
• Ion generated secondary electrons steepen potential gradients

“snap over”

Negative PotentialsPositive Potentials



Metal-Dielectric-Plasma Triple Point

• Positive potential on metal
Electrons strike dielectric and generate secondary electrons
Result: enhanced collection & reduced edge fields

• Negative potential on metal
Ions strike dielectric and generate secondary electrons
Result: enhanced edge fields & arcing
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Plasma Collection for “Solar Power Satellites” 
with Kilovolt Solar Arrays
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Arcs that Can Damage High Voltage Solar Arrays
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36th AIAA Aerospace Sciences Meeting and Exhibit, 1998 AIAA 1998-1002 

AIAA 1998-1401 



Discharge Scenario

1. Spacecraft charging provides trigger arc  (~300V)
2. Solar array string provides the power for surface flashover
3. Sustained surface flashover pyrolizes the kapton
4. Permanent low impedance path across string

Solar Cell - Coverslip
E field > 4 x 105 V/m 

Small Discharge Starts
in Gap Between Cells
Discharge Generates

a Plasma Cloud

Plasma Cloud Provides
Low Impedance Path

Across String

0 V V array

 charging

0 V V array

 charging

0 V V array

 charging

Solar Cells charge in response to 
space environment

Spacecraft Charging Causes a small 
arc to occur in the gap between 

cells. 

The spacecraft charging arc triggers 
a sustained discharge driven by the 

array string current and voltage

I. Katz, V.A. Davis and D.B. Snyder, Mechanism for spacecraft charging initiated destruction of solar arrays in 
GEO, AIAA Paper 98-1002, 35th Aerospace Sciences Meeting & Exhibit, January 12-15, 1998, Reno, NV.



Design of Tests Conducted at NASA/LeRC

• Chamber Environment
Low density, ionosphere like plasma density ~ 1011 m-3

Pressure < 10-6 Torr
• Solar Array Supply (SAS)

Purpose: Simulate the current generation capabilities of a 
string

• Charging Bias Supply (CBS)
Purpose: Simulate the sunlight charging of the array
Parameters: 0 – 1000V

capacitor to simulate wing capacitance
positive terminal attached to tank ground
10K current limiting resistor

• Diagnostics
Current on the SAS supply 
Current on the CBS supply
Low level TV with time stamp
Transient pulse monitor

• Test Procedure
Step from –200V to –1000V in 50V steps
Dwell the order of an hour at each step to allow differential to 

develop

low temperature 
plasma source

0-3A

0-1000V
Bias Supply

I meter

Solar Cell

Substrate

Cap I meter

0-200V
Solar
Array
Simulator

Trigger Arc Current Probe

Solar Array
Current Probe

C.F. Hoeber, E.A. Robertson, I. Katz, V.A. Davis and D.B. Snyder : Solar array augmented 
electrostatic discharge in GEO, AIAA Paper 98-1401, 17th International Communications Satellite 
Systems Conference and Exhibit, Yokohama, Japan, Feb. 23-27, 1998



Example Test Data - Array Sustained Discharge

Solar Array Current

Trigger Arc Current

Photo from EOS-AM1 testing



Failure Thresholds
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Figure 14. Measured GaAs Coupon Failure Threshold Figure 15. Measured Si Coupon Failure Threshold

C.F. Hoeber, E.A. Robertson, I. Katz, V.A. Davis and D.B. Snyder : Solar array augmented 
electrostatic discharge in GEO, AIAA Paper 98-1401, 17th International Communications Satellite 
Systems Conference and Exhibit, Yokohama, Japan, Feb. 23-27, 1998



SS/L Corrective Actions

1. All solar array 
panels were rewired 
so that the voltage 
between adjacent 
cells is 50 V or less

2. An RTV barrier, 
was inserted in all 
gaps between cells 
of differing voltages, 
and for a width of at 
least 10 mm  in the 
crossing gaps 
between series cells

3. Each string is 
isolated by diodes, 
limiting the current 
available to an arc 18

Gaps filled with RTV Adhesive

Cover 
Glass Solar Cell

Adhesive

Kapton 
Insulation

Graphite Skin/
Aluminum Core

 100 V

String 1

String 2

String 3

String 4

String 5

Isolation
Diodes

C.F. Hoeber, E.A. Robertson, I. Katz, V.A. Davis and D.B. Snyder : Solar array augmented 
electrostatic discharge in GEO, AIAA Paper 98-1401, 17th International Communications Satellite 
Systems Conference and Exhibit, Yokohama, Japan, Feb. 23-27, 1998



Effectiveness of the RTV Barrier
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with RTV Barrier Installed
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Figure 16. Si Coupon Failure Threshold with RTV 
Barrier Installed

C.F. Hoeber, E.A. Robertson, I. Katz, V.A. Davis and D.B. Snyder : Solar array augmented 
electrostatic discharge in GEO, AIAA Paper 98-1401, 17th International Communications Satellite 
Systems Conference and Exhibit, Yokohama, Japan, Feb. 23-27, 1998



Testing Embodied in ISO Standard
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Current Flow in EP Thruster Plasma Plumes

• Electrons and ions from the 
thruster plume plasma and can 
be collected by exposed 
potentials on the solar array

• Two grounding schemes 
1. EP System Electrically 

Isolated from Spacecraft 
Ground through a resistor
e.g. NASA’s Dawn Spacecraft
Current through the plasma 

changes “Neutralizer 
Cathode Common” voltage

2. Direct Drive
“Cathode Common” tied to 

the low side of the array
Hall thruster anode tied to 

array high side
“Parasitic” currents flow 

through the plume
Reduced arcing!

EP System Electrically Isolated

Hall Thruster Direct Drive



Plasma Currents on the Dawn Spacecraft

• Neutralizer common floating 
potential ~40 V

• Resistor   1.4 M
Current ~ 30 A

• Solar Array Area  35 m2
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EPIC 3-D Interactions Tools
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Recent Studies of HV – Solar Array Interactions included 
Electron Collection and the Effects of On-Orbit Aging
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Empirically-reduced dependence of non-dimensional electron collection  as a 
function of nondimensional collection potential χ, based on averaged data from 
the TECSTAR coupon tests.

ecj

I.G. Mikellides, et al., “Solar Arrays for Direct-Drive Electric Propulsion: 
Electron Collection at High Voltages”, Journal of Spacecraft and Rockets, 
Vol. 42, No. 3, May–June 2005

• Kenneth H. Wright, Todd A. Schneider, Jason A. 
Vaughn, Bao Hoang, Victor V. Funderburk, Frankie 
Wong, and George Gardiner, “Age Induced Effects 
on ESD Characteristics of Solar Array Coupons 
After Combined Space Environmental Exposures”, 
12th Spacecraft Charging Technology Conference, 
May 2012

• Gaps in RTV ~ 250 m x 25 m



Parasitic Currents

• Solar cell
e.g. Spectrolab XTJ
Current density Jload min avg= 17.14 mA/cm² = 171 A/m2

Vload= 2.310 V
• String voltage

Vstring= 300V
Packing fraction fpack =0.8
current density Jstring = 1 A/m2

• Environment plasma Current densities

• Current collected by a Gap in Grout 250 m x 25 m ~ 0.5 A
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2/1 mA
V
Vjfj

load

cell
cellpackstring 

Environment je ne Te
GEO 3E-06 1E+06 10,000
LEO 1E-02 1E+12 0.2

Hall (1m) 4 1E+14 2
Hall (3m) 0.4 1E+13 2

Hall (10m) 0.04 1E+12 2



SEP/HV Arrays and Spacecraft Interactions

• High Voltage Solar Array – Plasma Interactions have been studied for 
decades

Cells at negative potentials arc
Cells at positive potentials collect current

• Solar Arrays have successfully flown with voltages as high as 160 V

• Two approaches to Solar Electric Propulsion system designs
Conventional: Isolated electrically from solar array
Direct Drive: Cathode common connected to low side of the solar array

Advantages: Simpler & More efficient
Disadvantage: Requires higher voltage arrays

• Electric Propulsion Plasma Plumes interact with solar arrays
Currents collected by the arrays have been small
Higher voltage arrays will collect more current
Measures, such a grouting with RTV will limit current losses
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